Abstract Obese and underweight women who develop breast cancer may have poorer survival compared with normal-weight women. However, the optimal weight for best prognosis is still under study. We conducted a prospective investigation of pre-diagnosis body mass index (BMI) and mortality among 14,948 breast cancer patients in the After Breast Cancer Pooling Project. Breast cancer patients diagnosed from 1990 to 2006 with AJCC Stage I-III breast tumors were drawn from four prospective cohorts. Hazard ratios (HR) and 95% confidence intervals (CI) representing the associations of BMI categories (World Health Organization international classifications) with recurrence and mortality were estimated using delayed entry Cox proportional hazards models. Obese (30 to \35 kg/m 2 ), severely obese (35 to \40 kg/m 2 ), and morbidly obese (C40 kg/m 2 ) were examined. After a mean follow-up of 7.8 years, 2,140 deaths and 2,065 recurrences were documented. Both underweight (HR = 1.59; 95% CI: 1.18, 2.13) and morbidly obese women (HR = 1.81; 95% CI: 1.42, 2.32) had the greatest risk of overall mortality compared with normal weight (18.5-24.9 kg/m 2 ) women. Severe obesity (HR = 1.09; 95% CI: 0.88, 1.36) and obesity (HR = 1.11; 95% CI: 0.97, 1.27) were related to small non-significant increased risks. Overweight (25.0-29.9 kg/m 2 ) was not associated with any excess risk compared with normal weight. Similar associations were found for breast cancer death and non-breast cancer death but not recurrence. Women who were underweight and morbidly obese before breast cancer diagnosis were at the greatest risk of all-cause mortality. Morbidly obese women were also at increased risk of death from breast cancer. These results suggest that degree of obesity confers differential risk on survival.
Introduction
Substantial evidence suggests that obese women have poorer survival after a breast cancer diagnosis compared with normal-weight women [1] [2] [3] [4] [5] [6] [7] [8] . However, the degree of obesity associated with reduced survival and the relationship of obesity with breast cancer recurrence remain unclear [4, 6, 9, 10] . Furthermore, reports suggest that the association of body mass index (BMI) with breast cancer outcomes may be U-or J-shaped [11] [12] [13] ; thus, emphasizing the need to examine associations for underweight and severely obese women separately.
We conducted a pooled investigation of pre-diagnosis BMI and breast cancer recurrence and death, non-breast cancer death, and overall death using data from 14,948 breast cancer survivors in the After Breast Cancer Pooling Project (ABCPP). We also examined potential effect modification by a priori selected factors, including menopausal status, hormone receptor status, chemotherapy, comorbidity, and smoking.
Patients and methods

The After Breast Cancer Pooling Project
The After Breast Cancer Pooling Project (ABCPP) is an international collaboration pooling data from four prospective studies of breast cancer survivors established to examine the roles of physical activity, adiposity, dietary factors, supplement use, and quality of life in breast cancer prognosis. Details regarding cohort creation and characteristics have been previously published [14] . Briefly, the ABCPP includes data on 18,333 breast cancer survivors diagnosed with stage I-IV invasive breast cancer from four population-based prospective cohort studies recruited from multiple US sites and Shanghai, China. Three of the cohorts specifically recruited breast cancer patients: the Shanghai Breast Cancer Survival Study (SBCSS) [15] , the Life after Cancer Epidemiology (LACE) Study [16] , and the Women's Healthy Eating and Living (WHEL) Study [17] . The fourth cohort included breast cancer patients diagnosed in the Nurses' Health Study (NHS), a prospective study of female nurses [18] . Each cohort collected data on clinical factors, reproductive factors, family history of breast cancer, quality of life, medical history, anthropometry, smoking history, alcohol intake, supplement use, physical activity, and diet. In the ABCPP, these data have been harmonized into a common dataset. Individual cohort investigators received institutional review board (IRB) approval from their respective institution(s) to participate in this collaboration.
Data collection of body mass index and covariates
Body mass index
Pre-diagnosis weight between 1 and 2 years before breast cancer diagnosis and height were self-reported by participants at baseline (entry into cohort for SBCSS, LACE, and WHEL) or regular follow-up before diagnosis (NHS). In the SBCSS, height was measured by an interviewer at baseline.
Sociodemographic and lifestyle factors
Data included race/ethnicity (non-Hispanic white, nonHispanic black, Asian, Hispanic, and Other), education (\high school, high school, some college, and college graduate), smoking history at diagnosis (never, past, and current), and weight at age 18 or 20. Menopausal status at diagnosis (premenopausal, postmenopausal, and unknown) was available for LACE, WHEL, and NHS; SBCSS assessed menopausal status approximately 6 months after diagnosis. Post-diagnosis recreational physical activity in metabolic equivalents (MET-hours/week) was determined from semi-quantitative questionnaires.
Clinical characteristics
Data included age at diagnosis (years), AJCC stage (I-IV), estrogen receptor (ER)/progesterone receptor (PR) status (ER?/PR?, ER?/PR-, ER-/PR?, ER-/PR-), surgery (none, lumpectomy, mastectomy, and unknown), chemotherapy (no and yes), radiation therapy (no and yes), hormonal therapy (no and yes), and any comorbidity (diabetes, hypertension, myocardial infarction [MI] , and stroke). However, WHEL did not collect information on MI and stroke.
Ascertainment of outcomes
All studies ascertained outcome events by self-report and regular linkage to electronic medical records and vital statistics registries. Reported events were verified by medical record review except for self-report of recurrences in the NHS. Cause of death was determined from death certificates and supplemented with medical records if necessary. Details regarding outcome ascertainment have been published [14] .
Analytic outcomes were a new breast cancer event (hereafter referred to as recurrence), death because of breast cancer, death because of non-breast cancer causes, and all-cause mortality. Recurrence was defined as recurrence/metastasis or new primary breast cancer. New primary breast cancers were longitudinally recorded in all cohorts except for the NHS, which did not assess breast cancer recurrences among breast cancer patients until 2000. For NHS participants who did not report a recurrence but died from breast cancer (7.2%), the date of recurrence was set at 2 years before the date of death [19] .
Final analytic sample size Women were excluded from the analysis if they were diagnosed before 1990 to ensure comparable diagnosis dates and treatment information across the cohorts (n = 2,965 NHS cases), had stage-IV breast cancer (n = 154), or had no pre-diagnosis BMI data or follow-up time (n = 266). A total of 14,948 breast cancer survivors comprised the final analytic sample size.
Statistical analysis
Pre-diagnosis BMI was calculated as weight in kilograms (kg) divided by height in meters square (m 2 ) and categorized into a four-level and six-level BMI variable using the World Health Organization international classifications [20, 21] . The four-level variables were underweight (\18.5 kg/m 2 ), normal weight (18.5-24.9 kg/m 2 ), overweight (25. Sociodemographic, lifestyle, and clinical characteristics of the overall pooled cohort and by pre-diagnosis BMI category were summarized by frequency distributions for categorical variables and means with standard deviations (SD) for continuous variables.
The multivariable analysis involved three steps. First, delayed entry Cox proportional hazards regression models with time since diagnosis as the time scale were used to estimate study-specific adjusted hazard ratios (HRs) and 95% confidence intervals (CIs). The entry date was the date of the first survey after breast cancer diagnosis. For models with breast cancer recurrence as the outcome, the exit date was date of recurrence or date of death, or date of last contact for women without an event. For models with mortality as the outcome, the exit date was the date of death or date of last contact (i.e., date of last follow-up survey or date of last registry linkage, whichever was most recent). Second, a meta-analysis was conducted with studyspecific HRs using inverse-variance weights in randomeffects models [22] . The Q test statistic was used to test for heterogeneity in risk estimates across studies [23] . Evidence for heterogeneity by study was not observed (P [ 0.05); hence, pooled analyses were conducted and presented herein for the BMI-outcome associations of interest using delayed entry Cox proportional hazards regression models stratified by study.
Age at diagnosis, AJCC stage, race/ethnicity, education, menopausal status around diagnosis, hormone receptor status, surgery, treatment, smoking, physical activity, and comorbidity were retained in the final models. Covariates for the final model were chosen based on a priori determination from literature review or if a covariate produced a 10% change in the main effect estimate when the covariate was added individually to the Cox model [24] . Possible effect modification was evaluated in the associations between BMI and breast cancer outcomes by menopausal status (premenopausal vs. postmenopausal), hormone receptor status (ER? and/or PR? vs. ER-and PR-), chemotherapy (yes vs. no), comorbidity (yes vs. no), and smoking (ever vs. never). Statistical significance of multiplicative interaction terms was estimated with the Wald test by including a cross-product term of the exposure and the potential effect modifier in the Cox models.
Non-linear trends of BMI associated with each outcome were evaluated non-parametrically with restricted cubic splines and tested using the likelihood ratio test comparing the model with the linear and cubic spline terms to the model with only the linear term [25] .
Results
During a mean follow-up of 7.8 years, a total of 2,065 recurrences and 2,140 deaths were confirmed (1,423 deaths because of breast cancer, 717 deaths because of other causes). Mean time (range) from index diagnosis to recurrence and death were 4.7 (3.2-15.7) years and 6.0 (0.3, 17.2) years, respectively. Table 1 gives characteristics of the pooled cohort by pre-diagnosis BMI. The mean age of breast cancer diagnosis was 57.3 years, and 65.1% were postmenopausal around diagnosis. Almost 87% of women were diagnosed with stage I or stage II tumors, and nearly 80% of the tumors were ER? and/or PR?. The mean pre-diagnosis BMI was 25.7 kg/m 2 ; 30.1% were overweight, 11.0% Compared with normal-weight women, obese women were more likely to be non-Hispanic white, college-educated, postmenopausal, less physically active, older at diagnosis, and a past or current smoker. They were more likely to have had radiation therapy and hormonal therapy, less likely to have had chemotherapy, and more likely to have a history of diabetes, hypertension, and/or CVD. In contrast, underweight women were more likely to be Asian, less educated, premenopausal, younger at diagnosis, and a nonsmoker compared with normal-weight women. They were also less likely to have had radiation therapy and hormonal therapy, and to have a comorbid condition. Table 2 gives the associations between the four-level pre-diagnosis BMI and breast cancer outcomes in the overall pooled analysis. Both underweight and obese women had a statistically significant increased risk of overall death compared with normal-weight women (underweight HR = 1.59; 95% CI: 1.18, 2.13; obese HR = 1.17; 95% CI: 1.04, 1.32). Similar elevated risks for underweight and obese were found for non-breast cancer death, yet no associations were observed for breast cancer death and recurrence. Compared with normal weight, overweight was not associated with increased risk of any outcome.
When examining the finer obesity categories of obese, severely obese, and morbidly obese in a six-level BMI variable (Table 3) , morbidly obese women had the greatest risk of all death outcomes (overall death HR = 1.81; 95% CI: 1.42, 2.32; non-breast cancer death HR = 3.01; 95% CI: 2.09, 4.33; and breast cancer death HR = 1.40; 95% CI: 1.00, 1.96) compared with normal-weight women. Severe obesity was also associated with increased risk of non-breast cancer death (HR = 1.40; 95% CI: 1.02, 1.92) but not overall death (HR = 1.09; 95% CI: 0.88, 1.36) compared with normal weight. Non-linear associations were observed for BMI and total death (P for non-linear relation = 0.025) and non-breast cancer death (P for nonlinear relation = 0.0005) but not for BMI and breast cancer death (P for non-linear relation = 0.97) (Fig. 1) .
Analyses of pre-diagnosis BMI and overall mortality stratified by menopausal status, hormone receptor status, comorbidity history, and smoking history are provided in Table 4 . In all analyses, no significant effect modification was observed (all P [ 0.05). Similar elevated risks for underweight and obese women were found for overall death in both premenopausal and postmenopausal groups, as well as the hormone receptor positive (ER? and/or PR?) and negative (ER-and PR-) groups. In women with a history of comorbidity, being either underweight or obese was associated with increased risk of overall death (underweight HR = 1.58; 95% CI: 0.88, 2.84; obese HR = 1.19; 95% CI: 1.00, 1.41). However, in women without any comorbidity, the risk appeared to be confined to only the underweight women (HR = 1.50; 95% CI: 1.05, 2.13) and not the obese women (HR = 1.09; 95% CI: 0.91, 1.32). Similarly, among women who ever smoked, being either underweight or obese was associated with elevated risk of overall death (underweight HR = 1.81; 95% CI: 1.12, 2.92; obese HR = 1.26; 95% CI: 1.97, 1.48). However, among women who never smoked, the risk remained for underweight women (HR = 1.50; 95% CI: 1.02, 2.19) but was attenuated for obese women (HR = 1.10; 95% CI: 0.93, 1.30). Being overweight was not associated with mortality in any stratum-specific analysis. Associations were also similar stratified by receipt of chemotherapy (not shown).
As a sensitivity analysis, all models were run excluding the 34 women who died within the first year of diagnosis to rule out effects of any underlying disease, and results were unchanged. Additionally, to address any residual confounding resulting from more than half (59.4%) of the underweight women in the pooled analysis originating from the SBCSS, all models were run excluding the SBCSS cohort, and results were also unchanged.
Discussion
In this large pooling analysis of 14,948 breast cancer survivors, the association between pre-diagnosis BMI and breast cancer outcomes, specifically overall death and nonbreast cancer death, was U-shaped with both underweight and morbidly obese women being at higher risk. Compared with normal-weight women, morbidly obese women were on average at two-fold greater risk of all mortality outcomes. In general, the estimates did not differ by menopausal status, hormone receptor status, comorbidity history, smoking history, and receipt of chemotherapy. Across all analyses, overweight women (25.0-29.9 kg/m 2 ) had similar risk of outcomes compared with normal-weight women. No significant associations were found for risk of recurrence. These results suggest that the association of obesity with poorer outcomes after breast cancer observed in previous studies may be driven predominantly by the relationship between morbid obesity (C40 kg/m 2 ) and mortality. It has been previously suggested that the association of body size with breast cancer outcomes may be U-or J-shaped [11] , particularly in ethnically diverse study populations [3, 6] . In two recent studies, being underweight/low-normal weight (\18.5 kg/m 2 or \22.5 kg/m 2 ) and obese (C30 kg/m 2 ) were both associated with increased risks of breast cancer recurrence and mortality compared with normal-weight ranges (18.5-24.9 kg/m 2 and 22.5-24.9 kg/m 2 ), whereas no elevated risk was observed in the overweight range (25.0-29.9 kg/m 2 ). Similarly, in two large studies of 1.1 million Asians and nearly 900,000 whites, U-shaped associations of BMI with decreased all-cause mortality were observed in the ranges of 22.6-27.5 and 22.5-25.0 kg/m 2 , respectively [26, 27] . These BMI ranges lend support to our observation that normal or high-normal BMI before diagnosis might represent an ideal weight for healthy outcomes.
Several plausible biological mechanisms have been proposed to support the prognostic effects of obesity in breast cancer patients, yet they are primarily relevant to breast cancer-related outcomes. Studies have found that obese (compared with non-obese) postmenopausal women have higher circulating bioavailable estrogen that could fuel tumor regrowth and progression [28] [29] [30] . Obesity might also increase insulin and insulin-like growth factors (IGF-I and IGF-II), which are involved in the regulation of normal and malignant growth of epithelial breast cells [31, 32] and have been associated with greater distant recurrence and death in women with early stage breast cancer [12, 33] . Furthermore, adipose tissue serves as an important endocrine organ by secreting obesity-related regulatory proteins (adipokines such as leptin and adiponectin) [34] [35] [36] and triggering obesity-related inflammatory cytokines (interleukins, C-reactive protein, and serum amyloid A) [37] [38] [39] that play a key role in proliferation, apoptosis, and/or migration of breast tumor cells. Both adipokines [40] [41] [42] and inflammatory cytokines [43] [44] [45] [46] have been associated with breast cancer prognosis.
It is unclear why we observed a possible risk threshold by level of obesity, especially because level of obesity was not associated with tumor stage or hormone receptor status. However, we hypothesize that larger amounts of adipose tissue in the morbidly obese compared with the moderately obese might place a woman at even greater risk of poor outcomes through a constant imbalance in obesity-related regulatory proteins and inflammatory cytokines. From the treatment perspective, obese women may be underdosed for chemotherapy because of toxicity-related concerns, resulting in reduced therapeutic response and worse outcomes [47] [48] [49] . However, when we stratified the obese women in our cohort by receipt of chemotherapy, no prognostic risk differences were observed by chemotherapy status. There is also emerging evidence that obesity can negatively affect the standard dose effectiveness of aromatase inhibitors (AIs), leading to poorer prognosis and survival [50, 51] . Nevertheless, we were unable to explore this potential pharmacotherapy issue among obese women because of only 8% of women being treated with AIs (8%).
The biological plausibility for underweight and prognosis has been less explored compared with the effects of obesity. Underweight could be an indicator of pre-existing comorbid conditions that have already placed these women at greater risk of poor outcomes. However, all our analyses were adjusted for comorbidity status, and when we stratified the cohort by presence and absence of comorbid conditions, risk estimates among underweight women did not differ by subgroup. Residual confounding by other unmeasured comorbidity is also possible because we only had pooled data on four common conditions (diabetes, hypertension, MI, and stroke). Smoking could also be an indicator of comorbidity as the NHS previously reported that underweight middle-aged women without breast cancer who never smoked had no elevated risk of mortality [52] . However, when we stratified by smoking status in our analyses, the increased risk remained among the underweight nonsmokers. A possible reason as to why no differential risk by smoking history was observed is that in our pooled cohort, three-quarters (76.2%) of the underweight women had never smoked and were from the SBCSS. Finally, underweight could be a marker for poor health and undernutrition. It has been suggested that inhibition or promotion of tumor progression may be controlled by immune cells [53, 54] . In patients with chronic undernutrition and micronutrient deficiency, cytokine reactions and the subsequent activation of the immune system are compromised, which may influence tumor development [55, 56] .
Strengths of this pooled study include being the largest to date of prospective breast cancer survivors, thus enabling our ability to explore finer BMI categories, particularly in the higher obesity range. To our knowledge, the role of extreme obesity (C35 kg/m 2 ) on outcomes after breast cancer has not been explored. We were able to adjust for most potentially important prognostic and treatment-related factors, including smoking, hormone receptor status, comorbidity, treatment, and menopausal status. Finally, pooling provided 2 as the reference level in the ABCPP. Models adjusted for age at diagnosis, AJCC stage, race/ethnicity, education, menopausal status, hormone receptor status, surgery, chemotherapy, radiation therapy, hormonal therapy, smoking, comorbidity, and physical activity improved power to conduct stratified analyses by these key characteristics and to address reverse causality among the underweight women.
Limitations should also be considered. Pre-diagnosis weight was self-reported in all studies, yet measured weight is preferable to minimize recall bias and exposure misclassification. However, substantial agreement between selfreported weight and measured weight has been shown with the caveat that underreporting may be more common in welleducated white populations compared with minority populations [57] . Furthermore, self-reported weight was found to produce accurate disease risk estimates if adjusted for key sociodemographics [58] . Also, waist-hip ratio, another measure of obesity, before diagnosis/at diagnosis was not uniformly available from all studies. Finally, we could not examine nutritional status (diet and supplements) at diagnosis because not all cohorts collected this information.
In conclusion, BMI before breast cancer diagnosis was associated with reduced survival among both underweight and morbidly obese women in this study of nearly 15,000 breast cancer survivors. Compared with women of normalweight, overweight and moderately obese women had no increased mortality risk. These results underscore the strong prognostic influence of pre-diagnosis BMI on breast cancer outcomes and suggest that degree of obesity confers differential risk on survival. 
